Salmonella enterica is a facultative intracellular pathogen that is able to modify host cell functions by means of effector proteins translocated by the type III secretion system (T3SS) encoded by Salmonella Pathogenicity Island 2 (SPI2). The SPI2-T3SS is also active in Salmonella after uptake by murine bone marrow-derived dendritic cells (BM-DC). We have previously shown that intracellular Salmonella interfere with the ability of BM-DC to stimulate antigen-dependent T-cell proliferation in an SPI2-T3SS-dependent manner. We observed that Salmonella-mediated inhibition of antigen presentation could be restored by external addition of peptides on major histocompatibility complex class II (MHC-II). The processing of antigens in Salmonella-infected cells was not altered; however, the intracellular loading of peptides on MHC-II was reduced as a function of the SPI2-T3SS. We set out to identify the effector proteins of the SPI2-T3SS involved in inhibition of antigen presentation and demonstrated that effector proteins SifA, SspH2, SlrP, PipB2, and SopD2 were equally important for the interference with antigen presentation, whereas SseF and SseG contributed to a lesser extent to this phenotype. These observations indicate the presence of a host cell-specific virulence function of a novel subset of SPI2-effector proteins.
causes a range of diseases ranging from mild and usually selflimiting gastroenteritis to a life-threatening systemic infection known as typhoid fever. The pathogenesis of typhoid fever is characterized by the uptake of Salmonella enterica with contaminated food or water, the penetration of the intestinal epithelium and systemic spread ultimately resulting in the massive replication of Salmonella in various organs. S. enterica is an invasive, facultative intracellular pathogen, and it is considered that the ability to survive and replicate inside eukaryotic host cells has a central role in the systemic pathogenesis. Infection of Slc11a1 Ϫ/Ϫ (formerly Nramp Ϫ/Ϫ ) mouse strains with S. enterica serovar Typhimurium is considered as a model system for human typhoid fever caused by S. enterica serovar Typhi.
Dendritic cells (DC) are phagocytic cells that form an important link between innate and adaptive immunity (reviewed in reference 24). DC sample antigens in peripheral tissues, transport the antigens to local lymph nodes, and act as antigenpresenting cells (APC) for the activation of T cells. Some of these features make DC attractive as target cells for pathogens, for example, to act as "Trojan horses" for the spread of the pathogen from the initial side of entry (40, 46) .
We have recently characterized the intracellular fate of serovar Typhimurium in murine bone-marrow-derived dendritic cells (BM-DC) (17) . We and others found that serovar Typhimurium forms a static nonreplication population in BM-DC and that virulence factors known for intracellular pathogenesis in other phagocytic cells have no contribution to the intracellular survival in BM-DC (17, 27) . One of the multiple virulence determinants important for the intracellular phenotype of serovar Typhimurium is a type III secretion system (T3SS) encoded by Salmonella pathogenicity island 2 (SPI2) (reviewed in reference 22). T3SSs are complex molecular machines that mediate the translocation of a set of effector proteins into the eukaryotic host cell (reviewed in references 9 and 11). These effector proteins act as "injected toxins" and modify normal host cell functions in multiple ways for the benefit of the pathogen. The SPI2-T3SS is activated by intracellular Salmonella residing in a parasitophorous vacuole referred to as the "Salmonella-containing vacuole" (SCV). Previous work also indicated that intracellular S. enterica modifies host cell transport by means of the SPI2-T3SS, resulting in reduced vesicular traffic (38) , protection of intracellular S. enterica against reactive oxygen and nitrogen species (6, 41) , or redirection of exocytic transport (21) . At present, 18 different effector proteins are known that are translocated by the SPI2-T3SS (13) . Multiple cellular phenotypes have been associated with the function of the SPI2-T3SS, but a correlation between the phenotypes and the function of individual effector proteins has only been possible in a few cases (13, 22) .
We previously observed that the SPI2-T3SS function of S. enterica serovar Typhimurium in BM-DC affects the ability of BM-DC to present antigens and the antigen-dependent stimulation of the T-cell proliferation (7) . These studies were performed with model antigens that were internalized by BM-DC, together with the bacterial inoculum. Additional vaccination and challenge experiments indicated that the SPI2-T3SS function in vivo is important for the suppression of the development of an adaptive immune response against Salmonella. The role of SPI2 in inhibition of antigen presentation by DC was recently corroborated and extended by work of Tobar et al. (35) .
The mechanism of antigen-processing in APC such as DC has been studied in great detail. It has been observed that peptides derived from phagocytosed antigens are loaded onto nascent major histocompatibility complex class II (MHC-II) molecules in a specialized compartment termed the MHC-II compartment (reviewed in reference 36). However, the precise nature of the compartments involved in delivery of peptides to the MHC-II molecules is not understood. The molecular mechanisms by which intracellular Salmonella inhibits antigen presentation in an SPI2-T3SS-dependent manner, however, have not been revealed yet. In the present study we set out to determine the molecular mechanisms of the interference of Salmonella with antigen processing and presentation and to define the effector proteins involved in this phenotype.
MATERIALS AND METHODS
Bacterial strains and growth conditions. For infection experiments, serovar Typhimurium NCTC 12023 was used as a wild-type (WT) strain, and various isogenic mutant strains were constructed in this strain background. One-step inactivation by the Red recombination approach was used for the deletion of target genes essentially as described previously (6) (oligonucleotide sequences are available from the authors). Strain designations and characteristics are listed in Table 1 . Bacterial strains were routinely cultured to stationary phase (16 h of culture) in LB broth with aeration. Stationary-phase Salmonella was used to avoid host cell death induced by invasive bacteria. For the generation of plasmids for the complementation of mutations in individual effector genes, low-copynumber plasmids were constructed harboring effector genes under the control of their own promoter. The plasmids used in the present study are also listed in Table 1 , and effector proteins expressed by plasmid-borne genes carried a Cterminal epitope tag, hemagglutinin (HA) or M45, for detection by immunofluorescence. If required for the selection of strains and in order to maintain plasmids, kanamycin or carbenicillin was added to a concentration of 50 g/ml.
Preparation and culture of DC and T cells. DC were prepared from the bone marrow of 6-to 8-week-old BALB/c or C57BL/6 mice for proliferation assays (Charles Rivers Breeders) as previously described (7) . For the T-cell proliferation assay the CD11c ϩ -cell population was enriched by using MACS (Miltenyi Biotec), and a purity of ca. 95% was routinely obtained. The cells were allowed to adhere to cell culture plates for at least 6 h before infection.
Cells expressing OVA-specific T-cell receptor were prepared from cell suspensions of spleens of sex-and age-matched DO11.10 mice (JAX) by magnetic sorting (MACS) of CD4 ϩ cells (Miltenyi Biotec). The antibodies used in the study are listed in Table 2 .
Bacterial infection of DC. Bacteria were added to BM-DC at various multiplicities of infection (MOI) as indicated at the respective experiment and centrifuged onto DC for 5 min at 500 ϫ g to synchronize the infection. Noninternalized bacteria were removed by two washes with phosphate-buffered saline (PBS). To kill remaining extracellular bacteria, infected cells were incubated for 1 h in medium containing 100 g of gentamicin/ml. After a washing step, medium containing 25 g of gentamicin/ml was added, and antibiotics were present throughout the experiment. The absence of extracellular bacteria was tested by plating supernatants onto LB agar plates. When infections were performed in low adherence plates (Costar), cells were recovered by centrifugation (1,300 ϫ g for 5 min), and the medium or PBS was carefully removed.
Quantification of T-cell proliferation. The generation of T cells from DO11.10 mice and the quantification of antigen-dependent T-cell proliferation was performed by determination of [ 3 H]thymidine incorporation as described previously (7). Briefly, 10 5 sorted DC per well of 96-well plates were gamma-irradiated (3,600 rad) prior to infection and stimulation. Bacterial infections and stimulation with 50 g of ovalbumin (OVA; Sigma)/ml were performed in parallel for 2 h. The antigen was removed and the gentamicin concentration was reduced. Splenic CD4 ϩ T cells isolated from DO11.10 mice were added at a DC/T-cell ratio of 1:1 in a final volume of 200 l of medium containing 25 g of gentamicin/ ml. After incubation for 2 days, cells were pulsed with 1 Ci of [ removed by washing, DC were incubated with T-cell from DO11.10 mice, and T-cell proliferation was quantified.
Immunofluorescence and fluorescence-activated cell sorting (FACS). For immunofluorescence, infection and stimulation of BM-DC was performed with cells seeded on glass coverslips 6 h prior to infection. At various time points after infection or stimulation with antigens, BM-DC were fixed with 3% paraformaldehyde in PBS for 15 min at room temperature. For immunostaining of ␥-tubulin, cells were fixed for 10 min in methanol at Ϫ20°C and subsequently rehydrated in PBS. Antibodies were diluted in PBS containing 2% goat serum and 2% bovine serum albumin and, for intracellular staining, 0.1% saponin was added for permeabilization of cells. Coverslips were washed three times with PBS after each staining step (1 h) and mounted on Fluoprep (bioMèrieux) and sealed with Entellan (Merck). Epifluorescence of cells was analyzed with a Leica TCS-NT laser-scanning confocal microscope. Alternatively, the Zeiss Axiovert 200M wide-field microscope equipped with an Apotome was used. Stacked Z-sections or single Z-sections were displayed as indicated.
For flow cytometry on a FACSCalibur (BD), cells were grown in low-adherence plates (Costar), fixed with 3% paraformaldehyde, and stained with antibodies, which were diluted in PBS containing 10% fetal calf serum and 1% bovine serum albumin.
SDS stability assay. To analyze the stability of MHC-II molecules, DC were stimulated with 50 g of OVA/ml, followed by incubation for 24 h after infection with bacteria or stimulation with 1 g of lipopolysaccharide (LPS)/ml. Infected DC were sorted by cytometry on a MoFlow, and the population positive for CD11c and green fluorescent protein (GFP) (expressed by serovar Typhimurium) was collected and processed for further analyses. DC stimulated only with OVA or LPS were sorted by MACS. Equal numbers of cells were lysed by the addition of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and incubated at room temperature for 30 min. The lysates were separated by SDS-PAGE and analyzed by Western blotting with monoclonal antibody against murine MHC-II (biotin-conjugated rat anti-mouse I-A d /I-E d ) and enhanced chemiluminescence detection using a streptavidin-horseradish peroxidase conjugate.
Antigen processing assays. To follow antigen processing, DC were stimulated with 50 g of Texas Red-conjugated OVA (Molecular Probes)/ml and infected in parallel with bacteria. To analyze degradation of DQ OVA (Molecular Probes), this substrate was added after 16 h postinfection for 1 h in a concentration of 50 g/ml. At several time points after the addition fluorescence was determined by using confocal microscopy or flow cytometry (FACSCalibur) as a correlate of proteolytic processing of antigen.
Statistical analyses. Data analyses were performed using Prism 4.0 software. Statistical significance was calculated by using a two-tailed unpaired Student t test.
RESULTS

Degradation of model antigens in BM-DC is not affected by
Salmonella. We set out to identify the mechanisms of SPI2-dependent reduction of MHC-II-dependent T-cell stimulation by intracellular Salmonella in DC. One explanation for this phenotype might be an interference of Salmonella with antigen uptake and proteolytic degradation by BM-DC. Although mature DC have a reduced phagocytotic capacity, the cells retain their pinocytotic activity and are able to internalize and degrade soluble antigens. We tested whether the uptake and proteolytic degradation of a soluble antigen was affected by intracellular Salmonella through the action of SPI2. The degradation of two model antigens was analyzed.
BM-DC were stimulated with Texas Red-OVA and/or infected in parallel with Salmonella WT or an ⌬sseC mutant that was used as a translocation-deficient SPI2 strain. The processing of the fluorescent model antigen during 24 h was monitored by observing the change in fluorescence intensity of individual cells by confocal microscopy (Fig. 1A) . For quantitative analyses, mean fluorescence intensities (MFI) for the antigen were determined by flow cytometry. At 2 h after infection, BM-DC in all assays contained equal amounts of Texas Red-OVA. During the incubation period of 24 h, the MFI continuously decreased to ca. 35% of the initial level in uninfected BM-DC (Fig. 1B) . BM-DC infected with WT or SPI2-deficient Salmonella showed the same reduction in fluorescence intensity.
As a further model antigen, DQ-OVA was used that is a self-quenched fluorochrome-conjugate of OVA that exhibits bright green fluorescence upon proteolytic degradation. This allowed the quantification of proteolysis by flow cytometry or confocal microscopy. Uninfected BM-DC or cells infected with Salmonella WT or the SPI2 mutant strain were incubated with DQ-OVA and washed to remove noninternalized tracer. After incubation for 16 h, the fluorescence of BM-DC was analyzed by epifluorescence microscopy (Fig. 1C ) and flow cytometry (Fig. 1D ). Both analyses indicated that the ability of BM-DC to internalize soluble antigens and the proteolytic degradation of the internalized material was not affected by infection with Salmonella. Furthermore, there was no difference in proteolytic degradation detectable between cells infected with Salmonella WT or the SPI2 strain.
Extracellular loading of an OVA peptide on DC complements the SPI2-mediated phenotype. To characterize the effect of Salmonella on antigen processing in BM-DC in more details, we investigated whether antigen-dependent stimulation of Tcell proliferation could be restored by external loading with the cognate peptide. Small peptides are not processed by the default antigen-processing pathways for presentation on MHC-II complexes (reviewed in references 36 and 42). However, MHC-II complexes on the surface of DC can be loaded directly with suitable peptides, and these peptides may be presented to cognate T cells. We previously observed that in BM-DC the surface expression of MHC-II per se was not different after infection with Salmonella WT or a SPI2-deficient strain (7) .
As a model system for antigen presentation and T-cell proliferation, we have previously established a model system of BM-DC that phagocytosed Salmonella along with the model antigen OVA. If OVA was processed and presented by the MHC-II complex, this stimulated the proliferation of T cells obtained from transgenic DO11.10 mice expressing the T-cell receptor that recognizes OVA peptide ISQAVHAAHAEIN EAGR in the context of MHC-II. In further assays, various amounts of OVA peptide ISQAVHAAHAEINEAGR was added to uninfected BM-DC or to BM-DC infected with WT or SPI2-deficient Salmonella. The peptide was added 16 h after infection, and T-cell proliferation was quantified (Fig. 2) . The addition of 0.5 g of OVA peptide/ml to BM-DC infected with Salmonella WT restored antigen-dependent T-cell proliferation to the level obtained for uninfected cells. This effect was dependent on the concentration of the peptide. A higher concentration resulted in an increased rate of T-cell proliferation, indicating that a proportion of MHC-II complexes was available for uptake of externally added peptide.
These observations demonstrate that BM-DC infected with Salmonella WT are fully capable of antigen-dependent T-cell stimulation if a peptide can be presented on the cell surface. Despite the uptake and degradation of the antigen, intracellular Salmonella inhibit the processing and presentation of the antigen on BM-DC.
SPI2 function results in diminished peptide loading on MHC-II molecules. We hypothesized that the interference with loading of proteolytically processed peptides onto MHC-II molecules prior to transport to the cell membrane of DC for presentation might be another possible form of interference leading to reduced antigen presentation. The formation of peptide-loaded MHC-II complexes can be assayed by determination of SDS stability (34) . Peptide-loaded MHC-II molecules are usually stable as a ␣␤-peptide complex in the presence of SDS at room temperature and can be detected as a complex of ca. 60 kDa by Western blot analysis. In contrast, Ii and CLIP-associated MHC-II complexes, as well as nonloaded MHC-II molecules, disintegrate under these conditions into subunits that can be distinguished in Western blots. We determined the stability of MHC-II heterodimers toward SDS as a measure for peptide loading in uninfected BM-DC and cells infected with WT or SPI2 Salmonella (Fig. 3) . Prior to cell lysis, the population of Salmonella-infected DC was isolated by FACS. In lysates of cells infected with the SPI2 strain, the 60-kDa band corresponding to the SDS-stable ␣␤-peptide complex was as intense as that in uninfected cells. In contrast, weaker band intensities were observed in lysates of Salmonella WT-infected cells. The band intensities were quantified by densitometry and compared to the band for p38, a constitutively expressed control protein.
These data indicate that Salmonella interfere, in an SPI2-dependent manner, with the intracellular formation of peptide-loaded MHC-II complexes.
SPI2 function affects the subcellular localization of Salmonella within BM-DC. Previous studies on the intracellular phenotype of serovar Typhimurium indicated that the SCV preferentially assumes a subcellular localization in juxtaposition of the Golgi apparatus and nucleus (1, 32) . The role of the SPI2-T3SS and particular SPI2 effector proteins in this phenotype has been reported. We analyzed whether intracellular S. enterica can modify the positioning in the SCV within BM-DC. We observed that SCVs containing the WT strain were predominantly found in a subcellular localization adjacent to the trans-Golgi network (TGN) in BM-DC, while SCVs harboring the SPI2 strain were located at a larger distance to the TGN (data not shown). We found 65% of WT Salmonella and 39% of SPI2-deficient bacteria in close proximity of the TGN. Since the rather compact cell morphology of DC complicated the determination of the distance of the SCV to the TGN, we investigate the relative position of the SCV and the microtubule-organizing center (MTOC) as an organelle with a juxtanuclear position. BM-DC infected with WT or SPI2 strains were immunolabeled for ␥-tubulin as a specific component of the MTOC, and the distance of various SCVs to the MTOC was determined (Fig. 4) . In more than 85% of the infected DC, the distance between SCV containing WT Salmonella and the MTOC was Ͻ2 m. In detail, ca. 45% of WT SCV were within a distance of 1 m and ca. 40% of SCV were within a distance of 1 to 2 m to the MTOC. However, in cells infected with the SPI2 strain, ca. 30% of SCV remained within 2 m of the MTOC, with less than 9% in a range of 1 m and ca. 20% in a range between 1 and 2 m. The majority of SCVs containing the SPI2 mutant (ca. 70%) showed a distance of more than 2 m to the MTOC. In detail, 40% of SCVs containing the SPI2 strain were found between 2 and 3 m, and 30% were located at a distance of more 3 m from the MTOC. The data indicate that intracellular Salmonella in DC can influence the positioning of the SCV in an SPI2-dependent manner. The phenotype is independent of the bacterial replication that is dependent on the SPI2 function in other cell types such as epithelial cells or macrophages (reviewed in reference 13).
Involvement of a subset of SPI2 effector proteins in interference with antigen presentation. Our previous studies (7), as well as the data presented here, have shown that Salmonella deploy the SPI2-T3SS to interfere with antigen presentation by In control experiments, BM-DC were not infected during stimulation with OVA or were neither infected nor stimulated. All assays were incubated for 16 h, and subsequently various amounts of the OVA peptide as indicated were added, followed by incubation for 1 h. After the unbound peptide was removed by washing, DO11.10 T cells were added, and antigen-dependent T-cell proliferation was assayed by measuring [ 3 H]thymidine incorporation and quantification of the cellbound radioactivity (in counts per minute [CPM] ). The results shown are representative of three independent assays with similar results. The statistical significances were calculated between assays without or with the addition of various amounts of peptide. *** , P Ͻ 0.001; ns (not significant), P Ͼ 0.05.
FIG. 3. Effect of Salmonella infection on the stability of MHC-II
complexes. BM-DC from BALB/c mice were infected with GFP-expressing Salmonella WT or sseC-deficient (SPI2) strains as indicated at an MOI of 25. As controls, BM-DC were uninfected or were stimulated with LPS. If indicated, BM-DC were also stimulated with 50 g of OVA/ml. To enrich Salmonella-infected BM-DC, 24 h after infection the cells were subjected to FACS for CD11c-positive and GFPpositive cells. BM-DC from the uninfected control assays were purified by MACS for CD11c-positive cells. About 6 ϫ 10 5 cells were collected for each assay and subjected to the SDS stability assay as described in To test whether individual effectors or groups of the various SPI2-T3SS effectors are interfering with the antigen presentation by BM-DC, we generated isogenic strains harboring deletions of genes encoding individual effector proteins. This screen showed that mutant strains deficient in sifB, sspH1, sseJ, sseI, pipB, gogB, sseK1, and sseK2 did inhibit the antigen-dependent T-cell proliferation by infected BM-DC at a rate similar to that of the WT (Fig. 5A and B) .
A mutant strain deficient in spiC (alternative designation ssaB) showed a phenotype similar to that of the SPI2-T3SS-null mutant strain (data not shown). Since the role of SpiC/ SsaB as a putative effector protein is controversial, we analyzed the intracellular characteristics of the spiC (ssaB) strain in BM-DC. As previously observed in other cell types, the spiC (ssaB) strain was incapable in translocation of the SPI2 effector proteins (data not shown). Other mutant strains defective in genes of effectors such as SseF or SifA remained capable of translocation of other SPI2 effector proteins. Therefore, SpiC/ SsaB function in BM-DC cannot be distinguished from SPI2-T3SS-null mutant strains. For another subset of effector proteins, we observed strong effects on the capacity of BM-DC to stimulate antigen-specific T-cell stimulation. This subset of effectors consists of SifA, SseF, SseG, SspH2, SlrP, SopD2, and PipB2 (Fig. 5C) . Strikingly, the level of T-cell proliferation for sifA, sspH2, slrP, sopD2, and pipB2 mutant strains defective in single effectors was comparable to that of the SPI2-T3SS-null mutant strain. This observation indicates that each of these effectors had an essential contribution to the SPI2 phenotype in DC. Strains with single mutations in sseF or sseG consistently showed an intermediate phenotype, while an sseFG mutant strain was highly reduced in inhibition of T-cell proliferation.
We also investigated the intracellular fate of the sifA strain. In contrast to a previous report (29), we did not observe that this mutant strain escapes into the cytoplasm of BM-DC with a higher frequency than does WT Salmonella. Analysis by electron microscopy showed that intracellular WT and sifA bacteria were within a membrane compartment in BM-DC (data not shown). Immunofluorescence microscopy revealed that 82.5% Ϯ 8.5% and 76.9% Ϯ 0.14% of WT and sifA bacteria, respectively, colocalized with LAMP-1-positive membranes 16 h after infection.
To control the specificity of the mutations, complementation was performed with low-copy-number plasmids harboring effector genes expressed under the control of their natural promoter. The presence of a WT allele of the deleted effector gene restored the effect on T-cell proliferation, indicating the specificity of the observed phenotype (Fig. 5C) . Interestingly, the deletion of sspH2 resulted in rates of T-cell proliferation higher than those of BM-DC infected with the SPI2-null mutant. This effect was reproducible and could be restored by plasmid-borne sspH2.
Translocation of effector proteins by intracellular Salmonella into DC. We next investigated whether the different contributions of effector proteins to the inhibition of antigen presentation by DC is a consequence of different efficiencies of translocation by intracellular Salmonella and followed the translocation of several SPI2 effector proteins. For a qualitative comparison of the amounts of translocated proteins, various effector proteins were labeled in a similar manner with epitope tags for detection with monoclonal antibody.
As previously described (17) , the translocation of SseJ by intracellular Salmonella in DC was observed. Similarly, effector proteins SifA, SseF, SspH2, and PipB2 were detected in DC (Fig. 6) .
Interestingly, effectors SopD2 and SlrP were not detectable by immunofluorescence in infected DC (data not shown). However, as shown in Fig. 5 , these effector proteins also con- tributed to the inhibition of antigen presentation. Further analyses in the epithelial cell line HeLa indicated that these proteins were translocated, yet detection by immunofluorescence was only possible if high numbers of intracellular Salmonella were present. In contrast, such high bacterial loads were not observed in DC under our experimental conditions. Based on these observations we conclude that the different contributions of SPI2 effector proteins is not due to the lack of translocation of one subset but rather to the interaction with specific host cell targets.
DISCUSSION
We have previously described the interference of intracellular Salmonella with antigen presentation by murine DC and the role of this process in a murine model of infection (7) . In the present work, we focused on the molecular mechanisms of this interference. During our approaches to characterize the SPI2-mediated interference with antigen presentation in molecular detail, we found that the overall ability of infected BM-DC to degrade model antigens was not altered. Furthermore, we found that external loading of MHC-II complexes with the OVA peptide restored the SPI2-mediated inhibition of T-cell proliferation. These experiments demonstrate that the SPI2-T3SS function does not per se affect the transport and surface expression of MHC-II complexes in Salmonella-infected cells. Rather, MHC-II complexes are available for external loading with peptides. The assays further confirm our previous observa- tion that Salmonella infection and intracellular activity of the SPI2-T3SS does not affect the expression of costimulatory molecules (7) . This observation also argues against a SPI2-mediated defect in the formation of immunological synapses between Salmonella-infected BM-DC and T cells. A phenotype linked to the function of the SPI2-T3SS is the modification of cellular transport and the biogenesis of the SCV as a parasitophorous vacuole with unique properties. Several recent studies indicate that Salmonella can actively manipulate the positioning of the SCV in infected epithelial cells (1, 30, 32) . The SCVs containing Salmonella WT frequently assume a subcellular position in close proximity to the nucleus, Golgi apparatus, and the MTOC. We observed that a similar phenotype is evident in Salmonella-infected BM-DC. In a SPI2-T3SS-dependent manner, the majority of SCVs were located close to the MTOC of BM-DC. Thus, manipulation of SCV positioning and host cell transport by Salmonella is similar in DC and epithelial cells. However, this phenotype was not correlated with the bacterial proliferation in SCVs in juxtanuclear positions as reported for infected epithelial cells (1) .
In DC, the formation of tubular endosomal compartments has been observed that are involved in the delivery of MHC-II complexes to the plasma membrane (3, 8, 43) . These transport events require the function of microtubules, and the interference of Salmonella with microtubule-dependent exocytic transport by means of SPI2-T3SS effector proteins has been observed in other infection models (21) .
We propose that intracellular Salmonella, by means of SPI2-T3SS effector proteins, alters the loading of antigen-derived peptides on MHC-II complexes. This effect may be due to redirection of the intracellular transport of membrane vesicles that contain peptides processed for loading onto MHC-II com- plexes. Although the cell biology of MHC-II presentation has been studied in great detail, the nature of compartments that deliver processed peptides to nascent MHC-II molecules is not well understood (36) . One hypothesis is the interference of intracellular Salmonella with cellular transport processes that mediate the fusion of peptide-containing vesicles with MHC-II compartments. The involvement of microtubule-dependent transport has not been investigated but might be a possible cause of the observed modifications in DC. Our current model of the interference of intracellular Salmonella with antigen presentation by DC is summarized in Fig. 7 . While our initial work was performed with SPI2 mutant strains deficient in the translocation of the entire set of SPI2 effector proteins (7), we extended this analysis here and tested the contribution of individual effector proteins. We observed that a novel subset of SPI2 effector proteins is required to inhibit stimulation of antigen-specific T-cell proliferation by BM-DC. We identified SifA, SspH2, SlrP, SopD2, and PipB2 as effector proteins with a strong effect on the stimulation of T-cell proliferation. A partial contribution of SseF and SseG was observed, but the SseFG double mutant was highly reduced in inhibition of T-cell proliferation. This subset of effectors is conserved between typhoidal and nontyphoidal salmonellae; only sopD2 appears to be a pseudogene in S. enterica serovar Typhi. Mutant strains lacking effectors PipB, SspH1, SifB, SseJ, SseI, GogB, SseK1, or SseK2 did not show a phenotype in BM-DC. Interestingly, SifA, SspH2, SlrP, and PipB2 were each equally required for the inhibition of T-cell proliferation, suggesting a nonredundant role of the effectors. A mutant strain deficient in spiC (alternative designation ssaB) had the same phenotype as a SPI2-null mutant (data not shown).
The presence of the complex set of 18 and possible more effector proteins of the SPI2-T3SS is a puzzling phenomenon. It has been proposed that several effectors may have cryptic or redundant functions. Our work gives the first indication that a subset of the SPI2-T3SS effectors has a cell type-specific function. We have now defined an effector subset that is responsible for the interference of Salmonella with DC functions. Cellular phenotypes have only been characterized in detail for one of the proteins in the subset. SifA is involved in Salmonellainduced filament (SIF) formation and required to maintain the integrity of the SCV (2). Recently, it was shown that SifA affects the recruitment of kinesin to the SCV (4). SseF and SseG also contribute to SIF formation and alterations of the microtubule cytoskeleton and affect the positioning of the SCV in infected host cells (1, 30) . Our group also found that the function of SseF is required to redirect secretory transport of the host cell (21) . SopD2 and PipB2 are further effectors that are targeted to late endosomal compartments and affect SIF formation (5, 19) . A mutant strain deficient in SopD2 was reported to be attenuated in systemic virulence (18) . PipB2 is present in detergent resistant microdomains or lipid rafts after translocation into host cells (20) . SlrP is an effector protein that is translocated by both the SPI2-T3SS and the SPI1-T3SS involved in the invasion of nonphagocytic cells by Salmonella (37) . SlrP contains leucine-rich repeats and shares 39% identity with SspH2 (26) . A function of SlrP in Salmonella pathogenesis has not been defined to date. SspH2 has been shown to interfere with the actin cytoskeleton of host cells after translocation by the SPI2-T3SS. A binding of SspH2 to the F-actin cross-linking host cell protein filamin has been reported (25) . However, SspH2 function is not required for the known SPI2-dependent virulence functions (systemic pathogenesis) or cellular phenotypes (intracellular replication).
A common characteristic of SifA, SseF, SseG, SopD2, and PipB2 is their association with endosomal membranes after translocation, the role in SIF formation in epithelial cells, and their interference with cellular transport of the host cell. In contrast, translocated SlrP and SspH2 are not reported to be associated with endosomal membranes, and no effect of these proteins on SIF formation or cellular transport has been reported. A previous study reported that the sifA strain exhibits similar characteristics in macrophages and DC, i.e., the loss of the membrane of the SCV and the escape into the host cell cytoplasm (29) . We analyzed whether the reduced inhibition of antigen presentation of the sifA strain is linked to this phenotype. Interestingly, in our experimental setting we did not observe that the sifA strains loses the SCV membrane and subsequently escapes into the cytoplasm (data not shown). The reasons for these disparate results are unknown and await further investigation.
Inhibition of antigen presentation is a common mechanism in viral pathogenesis, and various viral proteins have been characterized that interfere with the activation of and processing and presentation of antigens by APC (for a review, see reference 15). The mechanisms of interference are less well understood for intracellular bacterial pathogens. For Mycobacterium tuberculosis, an interference with autophagosome formation has been reported that may also affect the processing and loading of mycobacterial antigens (reviewed in reference 10). The infection of DC by mycobacteria and the impairment of DC functions such as migration and antigen presentation has been observed in vivo (45) . A recent study reported that Mycobacterium rapidly induces DC maturation and that this activity results in reduced presentation of peptides on MHC-II without affecting the CD1-dependent presentation of lipid antigens (14) . Virulence factors secreted by intracellular Brucella abortus interfere with the maturation of infected DC, thus reducing the capacity of these cells in antigen presentation (33) . The obligate intracellular pathogen Chlamydia spp. does not interfere with antigen presentation in DC (31) . However, a secreted protease of Chlamydia trachomatis was reported to degrade host cell transcription factors that are required for the expression of MHC-I complexes (47) . Thus far, the manipulation of DC function by T3SS effector proteins appear to be restricted to Salmonella and a unique mechanism to control the adaptive immune responses of the host. It will be of future interest to precisely define the molecular mechanisms by which Salmonella effector proteins interfere with transport events in DC.
